Plasmodium sporozoites into a susceptible vertebrate host. Sporozoites rapidly leave the circulatory system to invade hepatocytes, where further development generates the parasite form that invades and multiplies within erythrocytes. Previous experiments have shown that the thrombospondin-related adhesive protein (TRAP) plays an important role in sporozoite infectivity for hepatocytes. TRAP, a typical type-1 transmembrane protein, has a long extracellular region, which contains two adhesive domains, an A-domain and a thrombospondin repeat. We have generated recombinant proteins of the TRAP adhesive domains. These TRAP fragments show direct interaction with hepatocytes and inhibit sporozoite invasion in vitro. When the recombinant TRAP A-domain was used for immunoprecipitation against hepatocyte membrane fractions, it bound to ␣2-Heremans-Schmid glycoprotein/ fetuin-A, a hepatocyte-specific protein associated with the extracellular matrix. When the soluble sporozoite protein fraction was immunoprecipitated on a fetuin-A-adsorbed protein A column, TRAP bound this ligand. Importantly, anti-fetuin-A antibodies inhibited invasion of hepatocytes by sporozoites. Further, onset of malaria infection was delayed in fetuin-A-deficient mice compared to that in wild-type C57BL/6 mice when they were challenged with Plasmodium berghei sporozoites. These data demonstrate that the extracellular region of TRAP interacts with fetuin-A on hepatocyte membranes and that this interaction enhances the parasite's ability to invade hepatocytes.
Malaria is a deadly parasitic disease which affects nearly 40% of the world's population. In any given year 300 to 500 million clinical cases occur, with more than a million deaths. Malaria is caused by species of the protozoan parasite Plasmodium. The infection is initiated when a female Anopheles mosquito injects Plasmodium sporozoites into a susceptible vertebrate host. The sporozoites migrate to the liver, where they undergo many rounds of schizogony in the hepatocytes. The resulting merozoites then invade and multiply within erythrocytes, causing the clinical symptoms of malaria.
Understanding the pathogenesis of malaria requires a keen understanding of the molecular mechanisms used by Plasmodium to recognize and invade host cells. Invasion is mediated by interactions between specific parasite molecules and complementary ligands on the host cells. Plasmodium has three invasive stages: (i) sporozoites (sporogonic cycle), which invade the salivary glands of the mosquito; (ii) salivary gland sporozoites (exoerythrocytic cycle), which invade hepatocytes in the vertebrate; and (iii) merozoites (erythrocytic cycle), which invade erythrocytes. The invasion of hepatocytes by sporozoites has been known to require two parasite proteins: circumsporozoite protein (CS) and thrombospondin-related adhesive protein (TRAP) (6, 28, 30, 33, 34, 44) . These proteins are conserved in all Plasmodium species examined to date (26, 40) and are present on the parasite surface and in the micronemes (11, 29, 34) . CS uniformly covers the external surfaces of sporozoites and represents up to 15% of the total protein synthesized by sporozoites obtained from salivary glands of mosquitoes (43) . It contains a highly conserved 18-residue motif homologous to a portion of the type 1 repeat of thrombospondin. This motif, named region II plus, binds to heparin sulfate proteoglycans associated with hepatocyte membranes (7, 12, 31, 37) . TRAP is expressed on the surfaces of salivary gland sporozoites (9, 34) , where it displays a patchy distribution. TRAP contains a region II plus-like motif that binds to sulfated glycoconjugates (28, 32) and a region of ϳ200 residues that displays homology to the A domain of von Willebrand factor (14) . The A-domains are present in many proteins involved in cell-cell, cell-matrix, and matrix-matrix interactions via a divalent metal-binding domain, known as the metal ion-dependent adhesion site (MIDAS) motif, found in a variety of integrins, numerous collagen types, and matrilins (8) .
Gene disruption experiments with Plasmodium berghei have demonstrated that TRAP is necessary for motility and invasion of sporozoites into both salivary glands in the mosquito and liver hepatocytes in the mouse (38) . Specific point mutations in conserved residues of the A-domain and thrombospondin repeat (TSR) domains of TRAP have identified motifs necessary for mediating entry into both vertebrate and insect cells (25, 41) . In Toxoplasma spp., MIC2, the TRAP family member, is expressed in all invasive stages, and indirect evidence suggests it is essential for invasion (19) . It has been shown that A-domains in TRAP and MIC2 bind to heparin-like molecules, and interactions with these glycosaminoglycans are likely important for parasite recognition of host cells (16, 27) . In mammalian systems, A-domains mediate binding to a variety of matrix and cell surface proteins, which raises the possibility that similar interactions may be important for parasite A-domain-containing proteins.
The main goal of the present study was to identify the receptor molecule on host hepatocytes that interacts with TRAP to mediate invasion. Using a recombinant TRAP A-domain protein, we show that it specifically binds to the ␣2-HeremansSchmid (HS) glycoprotein/fetuin-A protein on hepatocyte membranes. This association promotes TRAP interaction with additional unidentified molecules on the hepatocyte membrane, eventually leading to the invasion of the host cell.
blocked for 1 h with 1% bovine serum albumin (BSA) in 0.1% PBS-Tween 20. The cells were incubated for 2 h with the appropriate concentration of recombinant protein. After a wash, cells were incubated with antibodies directed against TRAP (1:1,000), followed by an anti-rabbit immunoglobulin G secondary antibody conjugated to horseradish peroxidase (HRP) for an enzyme-linked immunosorbent assay (ELISA) (1:5,000; Sigma, St. Louis, MO). Bound enzyme for the ELISA was revealed by the addition of the substrate 2,2Ј-azino-di-(3-ethylbenzthiazoline-6-sulfonate) (ABTS), according to the manufacturer's instructions (Sigma, St. Louis, MO). After 1 h, absorbance was read at 405 nm in an ELISA plate reader. The binding of HepG2 cells to the recombinant TRAP A-domain was also checked in the presence of the divalent cations Mg 2ϩ and Mn 2ϩ at concentrations between 0 and 10 mM with or without 10 mM EDTA or EGTA. The experiment was performed as described above.
Assays for inhibition of sporozoite invasion (ISI).
The recombinant proteins were also tested for their abilities to inhibit hepatocyte infectivity by P. berghei sporozoites in vitro. The methodology for assaying P. berghei sporozoite invasion and development in cultured hepatocytes was carried out as previously described (18) , with modifications. Briefly, HepG2 cells (4 ϫ 10 5 /well) were plated in each well of an eight-chamber slide (catalog no. 4808; Lab-Tek, Naperville, IL) and allowed to grow for 24 to 48 h. P. berghei sporozoites were dissected from the mosquito salivary glands, collected, and resuspended in Dulbecco's modified Eagle medium supplemented with fetal calf serum. The medium was removed from the cells, and 5,000 to 40,000 P. berghei sporozoites were added to each well. The recombinant TRAP A-domain protein was added at concentrations of 250 to 1,000 ng per well. The sporozoites were incubated for 2 h at 37°C under 5% CO 2 . The unattached sporozoites and medium were aspirated from the wells. The cells were then fixed with cold methanol, blocked with 1% BSA in Trisbuffered saline, and incubated with a monoclonal antibody against the CS protein (10). Wells were washed with Tris-buffered saline and incubated with an antimouse immunoglobulin conjugated to fluorescein isothiocyanate (Roche, Branchburg, NJ). The slides were washed, mounted in mounting medium (Roche, Branchburg, NJ), and counted microscopically. The percentage of inhibition was calculated using control cultures that had received a dilution of the native GST. The ISI 50 , defined as the concentration of the recombinant protein that reduces invasion by 50%, was determined as described by Hollingdale et al. (18) . Each reaction was performed in triplicate.
Purification of plasma membrane from HepG2 cells. We used the human hepatoma cell line HepG2 to extract hepatocyte membranes. Membrane extracts were prepared from these cells according to the method described by Hoeg et al. (17) with modifications. Briefly, HepG2 cells (5 ϫ 10 8 to 10 9 cells/ml) were washed in ice-cold PBS containing 200 mM of the mild, nondenaturing detergent n-octyl glucoside, 0.25 M sucrose, and a protease inhibitor cocktail tablet (BioRad Laboratories, Hercules, CA). After a wash, cells were homogenized and centrifuged at 1,000 ϫ g, followed by ultracentrifugation at 100,000 ϫ g for 1 h. The pellet from this ultracentrifugation was resuspended in a buffer containing 150 mM NaCl-10 mM Tris (pH 8.0) and flushed through a 22-gauge needle several times. This solution was recentrifuged at 100,000 ϫ g. The purity of these membrane fractions was assessed using standard membrane markers such as the Na ϩ /K ATPase and Mg 2ϩ /ATPase assay (5). Immunoprecipitation assays. Immunoprecipitation was performed using the Seize protein A immunoprecipitation kit (Pierce, Rockford, IL). Briefly, 100 g of the recombinant A-domain of TRAP with 50 g anti-A-domain antibodies was attached to a protein A column. One milligram of solubilized HepG2 membrane proteins was incubated on the column overnight at 4°C. The bound membrane protein was eluted using the elution buffer from the kit. The eluted fraction was run on a 4 to 20% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and stained with silver stain as described previously (23) .
Characterization of the eluted proteins. Immunoprecipitated eluted protein was detected using in situ tryptic digestion of proteins after the elution from the gel. This was performed at the Harvard University Microchemistry Laboratory under the direction of William Lane using microcapillary reverse-phase highperformance liquid chromatography nanoelectrospray tandem mass spectrometry (LC/MS/MS) on a Finnigan LCQ DECA quadrupole ion trap mass spectrometer. The sequences of the proteins identified were used to search the databases from Sequest for homologous sequences.
Overlay binding assay. Recombinant TRAP proteins (the A-domain, the repeat region, GST, and the A-domain mutant PAdoT) were dotted onto 6-mm sections of nitrocellulose membranes. The membranes were saturated with 3% BSA and 1% Tween 20 in PBS at room temperature for 1 h. Fetuin-A was biotinylated using the reagent EZ-Link sulfo-(NHS-LC-biotin) succinimidyl-6-biotinamide hexanoate according to the manufacturer's instructions (Pierce, Rockford, IL). The biotinylated fetuin was overlaid on the blotted nitrocellulose 5884 JETHWANEY ET AL. INFECT. IMMUN.
membrane to a final concentration of 0.1 g/ml and incubated for 30 min. After a wash with PBS, the membranes were incubated with 0.1 g/ml of streptavidin-HRP in 1% BSA-0.05% Tween 20 in PBS and washed, and ligand binding was detected by ECL autoradiography (Amersham Biosciences, Piscataway, NJ). Sporozoites and infected-hepatocyte preparations. Plasmodium berghei (strain NK65) sporozoites were obtained from dissection of the salivary glands of Anopheles stephensi mosquitoes 18 to 20 days after they had taken an infective blood meal from mice. Prior to injection, sporozoites were centrifuged at 1,000 ϫ g for 3 min at 4°C and resuspended in PBS with 1% BSA. A total of 10,000 to 15,000 sporozoites were injected intravenously into C57BL/6 (control) and fetuin-A knockout (20, 39) mice. Mice were examined daily for the presence of malaria parasites in their peripheral blood by thin blood smears stained with Giemsa stain.
RT-PCR of P. berghei liver parasites. Wild-type (n ϭ 8) and fetuin-A knockout (n ϭ 8) mice (20, 39) were injected intravenously in the tail vein with 10,000 to 15,000 P. berghei sporozoites. Mice were followed by daily examination of blood smears to detect blood-stage parasitemia. The eight fetuin-A knockout mice and eight C57BL/6 control mice were used to determine Plasmodium liver stage load. At 40 h after injection, livers were removed and processed for RNA extraction to perform reverse transcription-PCR (RT-PCR) (4). Briefly, 40 h after sporozoite injection, the mice were scarified, and their livers were harvested and frozen in liquid nitrogen. The livers were homogenized in PowerGen with 8 to 10 ml of TRI-reagent (Sigma, St. Louis, MO) and vortexed. To 1 ml of homogenate, 1 ml of buffer-saturated phenol and 250 l of chloroform-isoamyl alcohol were added, and the mixture was incubated on ice for 5 min and centrifuged at 14,000 ϫ g or 12,000 rpm for 15 min at 4°C. The aqueous phase was collected and precipitated in 1 volume of isopropanol for 30 min at Ϫ20°C. The RNA was spun for 20 min at 12,000 rpm and 4°C, and the supernatant was carefully drained. A 500-l volume of cold 75% ethanol was then added, and the pellet was vortexed for 5 seconds. The RNA was spun for 5 min at 12,000 rpm at 4°C. The supernatant was carefully drained, and the pellet was air dried. The pellet was dissolved in Ultraspec water and rocked overnight at 4°C. RT-PCR was performed using a SuperScript One-Step RT-PCR kit with Platinum Taq (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA was quantified by absorbance at 260 nm, and the RT reaction was performed with 1 g of total RNA and random hexamers supplied by the manufacturer. PCR of the cDNA was performed using parasite rRNA primers that recognize Plasmodium bergheispecific sequences within the 18S rRNA as described previously by Briones et al. (4) . The forward primer used was 5Ј-AGGATGTATTCGCTTTATTTAATGC-Ј3, and the reverse primer was 5Ј-TCTTGTCCAAACAATTCATCATATC-Ј3. As a positive control for the integrity of RNA samples, we detected mouse ␤-actin mRNA using the specific forward primer 5Ј-ACAGTGTGGGTGACCC CGTC-Ј3 and reverse primer 5Ј-CCCTGTGCTGCTCACCGA-Ј3. One-fifth of the amplification product was analyzed by horizontal gel electrophoresis on 2% agarose in 0.04 M Tris-acetate-0.001 M EDTA, stained with 0.5 g/ml ethidium bromide, and photographed under long-wavelength UV light.
Statistical analysis. A skewness/kurtosis normality test was used to determine if the data sets were parametric or nonparametric. A one-tailed Student t test and a Kruskal-Wallis test were performed on the parametric and nonparametric data sets, respectively, to determine the statistical significance of the variation in the prepatent period and in mean parasitemia between the wild-type controls and fetuin-A knockout mice on various days of the challenge. The P values indicate that the data points we are measuring have a high probability of falling into the range described in the 95% confidence interval (P ϭ 0.0048). STATA software was used to perform all of the statistical analyses.
RESULTS

Generation and expression of TRAP recombinant proteins.
Plasmodium sporozoites enter hepatocytes of the vertebrate host shortly after being inoculated into the blood circulation by an infected mosquito. Genetic evidence has shown that the type I transmembrane protein TRAP, which bears two adhesive domains, is required both for motility and for cell invasion by Plasmodium sporozoites (38) . Toward defining hepatocyte molecules that interact with the adhesive domain of TRAP, we generated P. berghei TRAP recombinant proteins. We produced fragments that contained either the A-domain, the repeat region of TRAP, or the A-domain mutant PAdoT (Fig.  1A) . All constructs were expressed as GST fusion proteins.
The GST tags were eventually cleaved at the thrombin cleavage site from the purified fusion proteins.
The purified TRAP A-domain fragment was used to immunize two rabbits to generate polyclonal antisera. These antisera showed strong reactivity against total protein from P. berghei sporozoites, the purified wild-type A-domain, and the A-domain mutant pAdoT (Fig. 1B) . Anti-TRAP antisera used in our previous TRAP knockout study (38) reacted well with the recombinant TRAP repeat fragment (Fig. 1B) .
Ability of TRAP recombinant proteins to bind HepG2 hepatocytes. Once we established the expression, solubility, and purification of the recombinant A-domain, the repeat region, and the PAdoT mutant protein of the TRAP, we developed an in vitro binding assay to assess the binding of these recombinant proteins to cultured hepatocytes. The recombinant A-domain fragment was examined for binding to hepatocytes over a range of concentrations. Our results in Fig. 2A show a doseresponse relationship in the binding between the recombinant TRAP A-domain and hepatocytes. This response was saturable at concentrations of 8 to 10 g of protein.
In comparison, GST protein showed negligible levels of adhesion to hepatocytes at all concentrations ( Fig. 2A) .
Specific binding of A-domains is dependent on the presence of divalent cations that are coordinated in MIDAS. To test the binding specificity of the recombinant A-domain to HepG2 cells, 1 g of soluble recombinant A-domain protein was allowed to bind HepG2 cells in the presence of the divalent cation Mn 2ϩ or Mg 2ϩ ranging in concentration from 0 to 10 mM. Our results showed enhanced binding in the presence of divalent cations, which was also saturated at concentrations of 8 to 10 mM (Fig. 2B and C) . The divalent cation Mn 2ϩ showed enhanced binding in comparison to Mg 2ϩ . We also showed ( Fig. 2B and C) that in the presence of 10 mM EDTA/EGTA with Mn 2ϩ or Mg 2ϩ ions, the binding of the TRAP A-domain to HepG2 cells was substantially aborted. In comparison, GST protein showed negligible levels of adhesion to hepatocytes in the presence of a divalent cation (data not shown). This suggests that the binding of the recombinant TRAP A-domain is highly specific to HepG2 cells in the presence of divalent cations. Therefore, the TRAP A-domain binding was specific to hepatocytes. The binding of the recombinant TRAP repeat protein with hepatocytes was similar to TRAP A-domain binding (Fig. 2D) . However, the binding did not improve compared to TRAP A-domain binding in the presence of divalent cations (data not shown). This further proves the effect of the MIDAS motif on the TRAP A-domain.
A functional TRAP A-domain inhibits Plasmodium sporozoite invasion. Having demonstrated the specific binding of the TRAP A-domain to hepatocytes, we tested the recombinant protein for its ability to inhibit P. berghei sporozoite invasion of hepatocytes in vitro.
It has been well established previously and also shown by our experiments that invasive and exoerythrocyte forms (EEFs) of P. berghei sporozoites invade HepG2 cells (37) . We examined the ISI and the formation of EEFs of sporozoites in HepG2 cells by using various concentrations of the recombinant TRAP A-domain. In the presence of 1 g of recombinant protein, 90% of sporozoites were unable to invade or form EEFs in HepG2 cells in comparison with the control (Fig. 3A and B) . These results suggest that specific receptors for sporozoite To assess the specificity of TRAP A-domain binding, we tested the PAdoT mutant, which contains a mutated MIDAS motif, for its ability to inhibit sporozoite invasion and development of EEFs in HepG2 cells. Our results showed negligible inhibition of sporozoite invasion and EEF formation by using concentrations of 100, 500, and 1,000 ng of purified recombinant PAdoT per 100 l of reaction mixture in comparison to the active TRAP A-domain ( Fig. 3C and D) .
Identification of the TRAP receptor on hepatocytes by immunoprecipitation. The immunoprecipitation technology using the Seize protein A immunoprecipitation kit (Pierce, Rockford, IL) was established for the purification of specific HepG2 membrane proteins that interacted with the purified recombinant TRAP A-domain. The experiment was performed as described in Materials and Methods. Briefly, the soluble hepatocyte membrane protein fraction was loaded onto a protein A column coupled with the purified recombinant TRAP A-domain with anti-TRAP A-domain antibodies. The eluted fraction was run on a 4 to 20% SDS-PAGE gel. The results showed a 66-kDa protein eluted out by immunoprecipitation (Fig. 4A) . This protein was cleaved from the gel and subjected to LC/ MS/MS analysis as described in Materials and Methods, and Sequest databases were searched for protein sequences homologous to the sequences obtained. The proteins identified from the database was ␣2-HS glycoprotein/fetuin-A, with three peptide sequences having high scores. Fetuin-A is a hepatic protein that belongs to the cystatin superfamily (2) . We found by an immunofluorescence assay that fetuin-A was present in the cytoplasm and in the extracellular vicinity of HepG2 cells (data not shown). 
Identification of sporozoite proteins that bind to fetuin-A by immunoprecipitation.
To determine a possible interaction between fetuin-A and sporozoite proteins, we used commercially available fetuin-A protein (Calbiochem, La Jolla, CA) and goat anti-human fetuin-A antibodies (DiaSorin, Stillwater, MN) for immunoprecipitation. The assay was performed by immunoprecipitating the soluble sporozoite proteins on a protein-A column coupled with fetuin-A protein with anti-fetuin-A antibodies. The eluted fraction was run on a 4 to 20% SDS-PAGE gel, and Western blotting was subsequently performed using anti-TRAP A-domain and anti-CS (3D11) antibodies.
The TRAP A-domain antibodies recognized a 66-kDa (the correct size for full-length TRAP) protein, demonstrating that fetuin-A pulled out soluble TRAP from the sporozoite soluble protein fraction (Fig. 4B, lanes 1 to 3) . On the other hand, anti-CS antibodies could not detect anything on the Western blot, suggesting that fetuin-A binding was specific for the native TRAP of P. berghei sporozoites (Fig. 4B, lanes 4 and 5) .
Binding of fetuin-A to TRAP. The commercially available anti-fetuin-A antibodies (DiaSorin, Stillwater, MN) were examined for their ability to inhibit sporozoite invasion and development of EEFs in HepG2 cells. Our results indicated that as little as 250 ng/100 l of anti-fetuin-A with 1 ϫ 10 5 HepG2 cells was sufficient to inhibit P. berghei sporozoite invasion by 50%, whereas 1 g/100 l of anti-fetuin-A showed 90% inhibition in comparison to the controls (Fig. 5A) . We also ob- (Fig. 5B) . To further confirm the binding of fetuin-A to the recombinant TRAP A-domain, we performed an overlay binding assay as described in Materials and Methods. Our results showed that fetuin-A specifically binds to the TRAP A-domain in comparison with the recombinant TRAP repeat region, GST, or PAdoT (A-domain mutant) protein (Fig. 5C) . Infectivity of Plasmodium berghei sporozoites in fetuin-Adeficient mice. Our results described above indicate that fetuin-A binds to TRAP of P. berghei and also blocks sporozoite invasion and formation of EEFs in HepG2 cells. Therefore, we were interested in testing whether this molecule was necessary for entry of sporozoites or for their further development in the hepatocyte in vivo. To examine this, we first determined the infectivity of P. berghei sporozoites in fetuin-A knockout mice (20, 39) . Our results indicated that fetuin-A-deficient mice showed a 2-day increase in the prepatent period of malaria infection compared to wild-type control C57BL/6 mice (P ϭ 0.0048) ( Table 1 ). The data show that P. berghei infectivity was significantly lower for fetuin-A-deficient mice than for wildtype mice. Differences were most pronounced at days 5 and 6 postinfection, with P values from 0.0173 to 0.0154, respectively. The mean parasitemia on day 8 was 0.65% for fetuin-A-deficient mice compared to 1.76% for wild-type controls; the difference did not reach statistical significance. This finding indicates a permissive role for fetuin-A during blood passage and initial hepatocyte attachment/entry of sporozoites but not at later stages of parasite development. Thus, at days 7 and 8 postinfection, infectivities for wild-type C57BL/6 and fetuin A knockout mice were not statistically different (P ϭ 0.5375 and 0.7128, respectively).
Further quantification of P. berghei hepatic development in vivo was done after 40 hours of sporozoite injections into the animals by amplifying a 393-bp fragment of 18S rRNA from the livers of mice by using RT-PCR as described by Briones et Figure S2 , lane 1, in the supplemental material shows the amplification of a 231-bp amplicon in a fetuin-A knockout mouse. Similar results were obtained for mRNA fractions of all eight fetuin-A knockout and all eight C57BL/6 mice, demonstrating that the differences measured by RT-PCR reflected mRNA amount and not mRNA quality (see Fig. S1 in the supplemental material).
DISCUSSION
Sporozoites of Plasmodium are transmitted by the mosquito vector to the vertebrate host and need to invade multiple cell types during their lives. They traverse the secretory cells in the mosquito salivary glands to reach the salivary duct, and once inoculated into the vertebrate host, they invade hepatocytes, where they differentiate into the next parasite stage. Studies with Plasmodium berghei, a species that infects rodents, have shown that the sporozoite-specific transmembrane protein TRAP is essential for sporozoite gliding, cell invasion, and in vivo infectivity (38) . TRAP contains an A-domain in its extracellular portion which is known to be involved in cell-cell, cell-matrix, and matrix-matrix interactions. The A-domain consists of approximately 200 amino acids that include a conserved DXSXS motif involved in the coordination of divalent cation binding (25) . We have expressed the recombinant TRAP A-domain with the aim of identifying its ligand on hepatocytes. Using a solid-phase assay, we showed that the recombinant A-domain binds to HepG2 cells in vitro. This binding was concentration dependent and saturable, consistent with a specific receptor-ligand interaction. In addition, we found that binding of the TRAP A-domain to HepG2 cells increased two-to threefold in the presence of Mg 2ϩ and Mn 2ϩ , respectively, and was blocked by the addition of EDTA/EGTA (Fig. 2) . The mutant protein PAdoT, which contains a mutated MIDAS motif, did not show strong binding compared to the control TRAP A-domain recombinant protein (data not shown). Our results also suggest that the MIDAS motif in the presence of divalent cations contributes strongly to binding of the A-domain to hepatocytes, confirming previous reports (8) . The recombinant repeat protein of TRAP showed only a low level of binding with HepG2 cells, and this binding did not change with increasing concentrations of protein or in the presence of divalent cations. This binding behavior could be due to the acidic nature of the asparagine/proline-rich repeat region (40) . In many cases, proline-rich regions are involved in intramolecular interactions rather than in receptor-ligand interactions (26, 22) .
It has been shown previously that TRAP knockout sporozoites are less infective to hepatocytes than to wild-type sporozoites (38) . To further confirm the role of TRAP in sporozoite invasion, the recombinant TRAP A-domain was tested for its ability to inhibit invasion of HepG2 cells by P. berghei sporozoites in vitro. The results presented here showed 90% inhibition of sporozoite invasion and formation of EEFs in HepG2 cells when we used 1 g/100 l of recombinant protein. These results prove that the recombinant TRAP A-domain was functional and capable of binding its receptor on the hepatocyte membrane, thus blocking further interactions between the parasite and the hepatocyte receptor in vitro.
We used the recombinant A-domain of TRAP and anti-TRAP A-domain antibodies for immunoprecipitation studies which resulted in the isolation of a 66-kDa protein from the soluble membrane fraction of HepG2 cells. This protein fraction was analyzed by LC/MS/MS on a Finnigan LCQ DECA quadrupole ion trap mass spectrometer, and the MS/MS spectra were then searched in the databases from Sequest for homologous sequences. The peptide sequences were identified with ␣2-HS glycoprotein/fetuin-A, which is synthesized and secreted by the liver into the circulation. Fetuin-A is a major serum protein which can bind diverse ligands in vitro. Thus, fetuin-A has been demonstrated to interact with the insulin receptor, inhibiting insulin receptor autophosphorylation and tyrosine kinase activity (13, 15) . Fetuin-A also mediates lipid transport and opsonization. Regarding its major physiological function, fetuin-A has, however, been unequivocally shown to inhibit pathological calcification at the systemic level (35) and to regulate bone mineralization (39) . As previously reported, fetuin-A is the human homologue of bovine fetuin, with an approximate molecular weight of 60 kDa (1, 21, 24, 42) . Human fetuin-A has a two-chain form whose N-terminal heavy chain is disulfide bonded to the C-terminal light chain. It is an acidic glycoprotein with three N-linked and three O-linked oligosaccharide chains, whose terminal sugar residues are rich in sialic acid (N-acetylneuraminic acid). Nearly 20% of the circulating fetuin-A pool is phosphorylated at serine-120 and serine-130 (15) . Fetuin-A synthesis is down-regulated significantly during injury, infection, inflammation, and malignancy (21, 24) . The promoter for fetuin-A has been characterized, and its down-regulation during the acute phase of infection has been attributed to transcriptional inactivation (3, 13) .
Commercially available antibodies against fetuin-A also reacted with the eluted protein. In addition, the TRAP protein was pulled out when a soluble protein fraction of sporozoites was immunoprecipitated with fetuin-A and fetuin-A antibodies. Further, the anti-fetuin-A antibodies at a 1-g/ml concentration inhibited invasion by sporozoites and formation of EEFs in HepG2 cells ( Fig. 5A and B) . These results further confirmed the interaction of TRAP with fetuin-A. How does fetuin-A interact with TRAP to mediate sporozoite invasion of hepatocytes? Our results suggest that the interaction between the TRAP A-domain and fetuin-A occurs in vitro and may have a functional role in invasion. To test if the TRAP Adomain-fetuin-A interaction is necessary for sporozoite attachment, invasion, or subsequent development in hepatocytes, we infected fetuin-A knockout mice with malaria parasites (20, 39) . Fetuin-A-deficient mice showed delayed infectivity compared to C57BL/6 control mice, with significant statistical differences on days 5 and 6 (Table 1) . These results indicate that fetuin-A is necessary for a robust infection, and its deletion provides partial resistance. Fetuin-A is, however, not the only molecule involved in sporozoite invasion. It is quite likely that fetuin-A is part of a scaffold that includes one or more cell surface molecules. Binding of TRAP to fetuin-A may bring TRAP into close proximity with a receptor that ultimately allows it to enter the hepatocyte. However, in the absence of fetuin-A, other molecules can take over the function of fetuin-A, enabling parasite entry, albeit less efficiently. Further experiments aimed at identifying molecules that interact with fetuin-A at the hepatocyte surface will shed light on the precise mechanism by which sporozoites gain entry into the liver cell. a Fetuin-A knockout mice show less susceptibility to infection by P. berghei sporozoites. Wild-type C57BL/6 and fetuin-A knockout mice were injected with 10,000 to 15,000 sporozoites intravenously in the tail vein. Mice were examined daily for the presence of malaria parasites in their peripheral blood. The prepatent period corresponds to the delay between inoculation and the appearance of blood-stage parasites in blood smears. Parasitemia was defined as the percentage of infected erythrocytes.
